Abstract: We demonstrate continuous tuning of a second-order silicon microring filter over the full 7.8-nm FSR of the resonators using the thermo-optic effect. Strongly correlated linear relationships between the heater powers and the filter center wavelength were obtained even in the presence of thermal crosstalks in the resonant frequencies and coupling coefficients, which allowed the filter to be tuned to any arbitrary wavelength with an accuracy of ±27 pm without the need for further optimization. We also demonstrate the use of integrated onchip thermistors for precise tracking of the local temperatures of the microring resonators, thereby providing an indirect mechanism for monitoring the center wavelength and spectral characteristics of the filter.
Introduction
Silicon photonics (SiP) is gaining widespread industry acceptance as a cost-effective platform for building photonic integrated circuits (PICs) for optical communication and interconnect applications [1] , [2] . Many of these applications often require optical filters that are tunable over a wide wavelength range. Among the various photonic structures that can be used to realize integrated SiP filters, microring resonators are particularly versatile for constructing high-order filters by coupling multiple resonators in a serial fashion [3] . Broadband tunability of these devices is often achieved using the thermo-optic effect in silicon, which can provide much larger refractive index changes compared to other tuning mechanisms such as free carrier dispersion. For example, thermo-optic tunable silicon microring filters have been demonstrated with tuning range covering a full free spectral range (FSR) of up to 20 nm [4] . However, achieving such broadband tunability often requires heating the microring waveguides to temperatures exceeding 100°C, which can cause thermal crosstalk in adjacent devices. This is of particular concern in high-order microring filters [5] - [10] , where heating one microring can cause resonance shifts in adjacent microrings as well as changes in the coupling coefficients, which can lead to distortion in the spectral shape and variation in the center wavelength of the filter. The crosstalk-induced resonance shifts and their effects on the tuning operation have been studied in second-and third-order SiP microring filters [6] - [8] . Dahlem et al. reported a 20-channel 2nd-order SiP tunable microring filter bank for WDM applications, where they estimated that thermal crosstalk contributed about 30% of the tuning rate [6] . Po et al. performed more accurate measurement of the crosstalk in a 2nd-order SiP microring filter, showing an almost linear dependence of the crosstalk-induced resonance shift on the heater powers [7] . Hu et al. attempted to minimize the effects of thermal crosstalk in a 3rd-order SiP filter by placing air trenches around the microrings [8] , although they still reported significant crosstalk effects on the filter ripple and wavelength detunings. Due to thermal crosstalk effects, all SiP microring filters require pre-optimization of the filter shape at fixed wavelength channels, often those corresponding to the WDM ITU grid [9] , [10] . Continuous tuning operation, where the filter center wavelength can be set at any arbitrary wavelength within the tuning range, is rarely reported since this would require spectrum optimization at each wavelength setting, which may not be practical for most applications.
The objective of this paper is to demonstrate continuous tuning of a SiP double-microring (DMR) filter over the full FSR of the resonators. We show that by precalibrating the filter at a set of wavelengths, strongly correlated linear tuning curves can be obtained even in the presence of thermal crosstalk effects on the resonant frequencies and coupling coefficients. These tuning curves allow the filter to be tuned to any arbitrary wavelength without the need for further optimization. We estimated the tuning wavelength accuracy of the filter to be ±27 pm (or ±0.3% of an FSR), which is comparable to some commercial tunable optical filters. While the wavelength accuracy of SiP microring filters has been reported for fixed channel tuning [9] , [10] , to our knowledge, the wavelength accuracy and spectral performance of SiP microring filters for continuous tuning have not been investigated before. In addition, we also report the use of integrated on-chip thermistors to monitor the local temperatures of the microring resonators and show that a temperature tracking accuracy of ±0.1°C can be achieved over the full tuning range. The ability to track the local temperatures of the microrings provides a mechanism for monitoring the center wavelength of the filter. It also provides an indirect mechanism for monitoring the spectral performance of the device in applications where optical spectral scanning of the filter is not available during the device operation. Fig. 1(a) shows a schematic diagram of the 2nd-order microring filter consisting of two coupled microring resonators. We chose the double microring design rather than a higher-order filter design since it is easier to tune the device and quantify the thermal crosstalks. Higher-order filter response can be achieved by cascading DMR filter stages, which also offers the possibility of expanding the tuning range using the Vernier effect [11] . The DMR device was fabricated using the Applied Nanotools foundry service [12] on an SOI chip consisting of a 220 nm thick Si layer lying on a 2 μm thick SiO 2 buffer layer. The silicon waveguides had a nominal width of 500 nm with a 2 μm thick SiO 2 overcladding layer. The radius of the microring resonators was set at 11.27 μm, which gave an FSR of 7.8 nm for the TE mode. The filter was designed to have a 3-dB bandwidth of 25 GHz, in-band ripple of less than 1 dB and maximized skirt roll-off. To achieve these spectral characteristics, we designed the bus-to-ring and ring-to-ring field coupling coefficients to be κ 1 = 0.3 and κ 2 = 0.06, respectively, which correspond to bus-to-ring coupling gap g 1 = 150 nm and ring-to-ring coupling gap g 2 = 300 nm. At the input and output ports of the device, the bus waveguides were tapered down to a tip width of 100 nm in order to achieve efficient light coupling to lensed fibers.
DMR Filter Design and Fabrication
To tune the resonant wavelengths of the DMR filter, symmetric microheaters were fabricated over the microrings, as shown by the optical microscope image in Fig. 1(b) . The heaters were made of a TiW alloy (10% Ti and 90% W) with 175 nm thickness and 4 μm width, covering an arc length of 240°around each microring. Fabrication constraints [12] required a minimum separation of 10 μm between the two heaters, so that the ring-to-ring coupling region was not covered by the heaters. The contact leads of the heaters were made of Al, with a thickness of 500 nm and a width of 15 μm. To monitor the temperatures of the microring waveguides, we also fabricated symmetric thermistors out of the same Al metal traces. The thermistor covered a 180°arc around each microring heater, with its width narrowed down to 4 μm to increase the thermistor resistance. Again, due to fabrication constraints, the separation between the thermistor and the heater had to be kept at least 4 μm.
Thermal Analysis of the DMR Filter
To evaluate the effect of temperature tuning on the filter performance, we performed thermal simulations of the DMR device to determine how much the coupling coefficients and hence, the spectral characteristics of the filter, change due to heating. We applied power to one heater and performed 3D simulation of the temperature distribution over the device structure. The thermal simulation was performed using the Lumerical software, which is based on the Finite Element method. The simulated structure included the Si substrate, with the bottom Si surface held at 300 K, and the metal strips for the heater (TiW) and the thermistor (Al). The chip was capped with a 300 nm-thick SiO 2 protection layer, with convective boundary condition applied to the top SiO 2 surface to account for heat transfer from the chip to air. Thermal insulating boundary condition was applied to the four sidewalls of the simulation domain, which were placed sufficiently far from the microring device so that they did not affect the simulated temperature profile of the device. Fig. 2 shows a sample temperature distribution in the plane of the silicon waveguide obtained for 80 mW of power applied to heater 1. We observe that while the bus-to-ring coupling junction directly below the heater experiences a large temperature rise, the temperature change over the ring-to-ring coupling junction is much less. From the changes in the waveguide temperatures, we computed the new waveguide modes and effective indices, which were then used to calculate the coupling coefficients of the bus-to-ring and ring-to-ring coupling junctions. Fig. 3 (a) plots these coupling coefficients and the corresponding temperature changes as functions of the applied heater power. Over the range of heater power required to tune the microrings by one FSR (0∼80 mW), we find that the bus-to-ring and ring-to-ring coupling coefficients change by 5.6% and 0.59%, respectively. The much smaller variation in the ring-to-ring coupling is due to the fact that the heater does not cover the coupling junction between the two microrings. To evaluate the impact of these coupling variations on the filter performance, we plotted in Fig. 3(b) the spectral responses of the DMR filter over this heater power range. We observe that the device maintains its filter shape across the tuning range, with the 3-dB bandwidth remaining relatively unchanged while the in-band ripple increases slightly from 0.45 dB to 0.75 dB (in the experiment the filter shape was further optimized to reduce this ripple). These simulation results show that the DMR filter design is robust to temperature tuning across its entire FSR.
Continuous Tuning of the DMR Filter
In the tuning experiment, we first determined the tuning efficiency and thermal crosstalks of the device by measuring the resonant wavelength shifts of the microrings due to the power applied to each heater. The resonance shift of each individual microring was determined by measuring the wavelength of the resonance peak of that microring at the output port when it was sufficiently detuned from the other. All spectral measurements were performed with TE polarized light from a tunable laser, with the chip maintained at a room temperature of 23.3°C. Fig. 4 plots the resonant wavelength shift due to heating of the same microring (same-ring heating) and the resonance shift due to heating of the other microring (thermal crosstalk) as functions of each heater power. We observe that the resonant wavelength shifts due to same-ring heating and thermal crosstalk both exhibit linear dependences on the heater power. From the linear best fit lines of the shifts due to same-ring heating, we obtain tuning rates of t 11 = 78.34 pm/mW for microring 1 and t 22 = 99.25 pm/mW for microring 2. These values are lower than previously reported for single silicon microring resonators (e.g., 296 pm/mW in [4] , 133 pm/mW in [5] ), which can be attributed to the different design, dimensions and location of our heaters, and the fact that our heaters covered only a 240°a rc instead of the full microring circumference. We also note that each microring experienced significant thermal crosstalk due to the other heater. The rate of resonance change of microring 1 due to heater 2 is t 12 = 5.13 pm/mW and that of microring 2 due to heater 1 is t 21 = 4.58 pm/mW. These crosstalks will be taken into account to generate tuning curves for the DMR filter as described below. We also determined the thermal time constant of the tuning process to be 28 μs.
The tuning curves of the DMR filter were generated by first determining the heater powers required to tune the microrings to a set of wavelengths about 50 GHz apart over one FSR (1531-1539 nm). Starting from an initial resonance detuning of 0.6 nm between the two microrings, we brought the two resonances into alignment and optimized the filter shape by scanning the resonant wavelength of each microring over the passband to minimize the ripple. The optimized spectra at the drop port and through port are shown in Fig. 5(b) . Once the optimum heater powers P 1 (λ 1 ) and P 2 (λ 1 ) for the first wavelength setpoint (λ 1 = 1531.296 nm) were obtained, we then calculated the heater powers for the other wavelength setpoints using the linear relationships in Fig. 4 . In particular, the powers P 1 (λ i ) and P 2 (λ i ) of heaters 1 and 2 required to tune the filter to center wavelength λ i are found by solving the equations:
where the tuning rates t 11 , t 12 , t 21 , and t 22 are given above. The plots of the calculated center wavelength vs. power for each heater are shown by the dashed lines in Fig. 5(a) . To validate these tuning curves, we applied the predicted heater powers to tune the filter to each wavelength setpoint. At each wavelength, the filter shape obtained was very close to the optimized filter shape at the initial setpoint λ 1 . To ensure that the filter shape was optimum, we further adjusted the current through each heater to minimize the in-band ripple. Fig. 5(c) shows the optimized filter spectra, which have a maximum ripple of 0.7 dB and average 3-dB and 10-dB bandwidths of 27.5 ± 0.6 GHz and 75 ± 2 GHz, respectively. The average insertion loss across all the spectra is 2.5 ± 0.2 dB. By fitting the measured spectra with a 2nd-order filter transfer function, we determined the coupling coefficients of the device to be κ 1 = 0.29 (± 2.5%), κ 2 = 0.065 (± 2.5%), and κ 3 = 0.30 (± 2.5%), where κ 3 is the bus-to-ring coupling at the output. In Fig. 5(a) we also plotted the optimized tuning curves (solid lines) for comparison with the calculated tuning curves. It can be seen that the two sets of tuning curves are very close to each other, both showing strongly correlated linear relationships between the heater powers and the center wavelength. The close agreement between the optimized and calculated tuning curves also implies that changes in the coupling coefficients due to heating did not cause significant distortion to the filter shape, as confirmed by the thermal simulations in Section 3. The optimized tuning curves can be used to determine the heater powers required to tune the filter center wavelength to any arbitrary value. To estimate the tuning wavelength accuracy, we calculated Fig. 6 . Tuned filter spectra at six arbitrarily chosen center wavelengths, with minimum and maximum ripples of 0.58 dB and 0.74 dB, respectively, and standard deviations in the center wavelength detuning of ±22 pm.
the standard deviation between the center wavelengths of the data points of the optimized spectra in Fig. 5(a) and those values predicted by the best fit lines. We obtained a wavelength uncertainty of ±27 pm (or ±3.4 GHz), which is about three times the specified wavelength stability of our laser (±10 pm). We also note that this value is comparable to the wavelength accuracy of some commercial tunable filters (e.g., [13] ) and can be further improved with more precise control of the powers applied to the heaters.
In the continuous tuning operation of the filter, given a desired center wavelength of the passband, we determine the required power for each heater from the tuning curves and apply the corresponding current to each heater. We also note that the resistances of the heaters remained fairly constant over the full FSR tuning range, with the measured values of 91.7 ± 0.9 for heater 1 and 105.1 ± 0.9 for heater 2. To determine the wavelength tuning accuracy and filter spectral characteristics at arbitrary wavelengths, we tuned the device to six randomly chosen wavelengths in the 1531-1539 nm range. Fig. 6 shows the filter spectra obtained, which are very close to the optimized filter shapes, with the minimum and maximum ripples of 0.58 dB and 0.74 dB, respectively. The standard deviation in the center wavelength detuning is ±22 pm, with the minimum and maximum deviations of 4 pm and 37 pm, respectively. These wavelength deviations are consistent with our estimated tuning wavelength accuracy of ±27 pm. These results demonstrate that the filter can be continuously tuned with good wavelength accuracy and spectral performance over the FSR of the device.
Performance of On-Chip Thermistors
In this section we report measurements of the on-chip thermistors to evaluate their performance in tracking the local temperatures of the microring resonators and thermal crosstalks. We first obtained the response of each individual thermistor to heating from each heater. Fig. 7 (a) and (b) plot the changes in the thermistor resistance due to same-ring heating and thermal crosstalk as functions of the power in heaters 1 and 2, respectively. We observe strong linear correlations between the thermistor resistance and the heater powers, which validate the effectiveness of the thermistors in tracking both the same-ring heating effect and thermal crosstalk. In particular, we found that thermal crosstalk contributes to about 34% of the total resistance change compared to same-ring heating.
To determine the actual temperatures sensed by the thermistors, we calibrated these sensors by heating the entire chip on a hot plate and measured the change in the thermistor resistance as a function of the temperature. Fig. 8 shows the change in the resistance of the thermistor arc segment surrounding each microring as a function of the temperature. By fitting the data with the linear relation R = α T, we extracted the thermal coefficient α of the thermistor to be 10.35 m /K for thermistor 1 and 8.923 m /K for thermistor 2. These values were then used to determine the temperatures of the thermistors at different heater powers. Specifically, suppose the heater powers required to tune the filter to a particular wavelength are P 1 and P 2 , the total resistance changes of the thermistors are given by
where r 11 = 3.415, r 12 = 1.404, r 21. = 1.183 and r 22 = 2.793, all in units of m /mW. The temperature changes sensed by the thermistors are then calculated from T 1 = R 1 /α 1 and T 2 = R 2 /α 2 Fig. 9 plots the total changes in the thermistor resistance and the corresponding temperature changes as functions of the filter center wavelength. We again observe strong linear relationships between the thermistor resistances and the tuned wavelength. These relationships allow us to predict the expected thermistor resistance values and the corresponding temperature changes of the microrings at any center wavelength. In particular, from our 3D thermal simulations, we found that the maximum temperature change in the microring is 2.8 times higher than that of the thermistor due to the closer proximity of the microring to the heater. Thus, over the entire FSR tuning range, we can expect the temperatures of the microrings to rise by about 120°C. We can also estimate the precision of the thermistors in sensing the temperatures by computing the standard deviation between the data points in Fig. 9 and the best fit curves. We obtain a value of ±0.1°C for both thermistors, which translates to a center wavelength tracking precision of ±20 pm. This precision is adequate for tracking the center wavelength variations of the DMR filter, given that the tuning accuracy of the filter is ±27 pm.
Conclusion
In summary, we demonstrated continuous tuning of a silicon DMR filter over the full 7.8-nm FSR of the resonators, achieving a tuning wavelength accuracy of ±27 pm. We also performed rigorous analysis to quantify the effects of thermal crosstalk on the device tuning characteristics. In particular, we found that while crosstalk causes only a slight increase in the coupling coefficients, there is a strong linear correlation between the heater power and the crosstalk-induced resonant frequency shifts. As a result, strongly correlated linear tuning curves were obtained for the device which enables continuous tuning operation with good wavelength accuracy and spectral performance over the full FSR. We also demonstrated the feasibility of using on-chip thermistors to monitor the temperature stability of the microrings, achieving a temperature precision of ±0.1°C and a corresponding wavelength tracking accuracy of ±20 pm.
Finally, we would like to address two general issues regarding the thermo-optic filter design and operation. One consideration is the impact of thermal crosstalks as the device size is decreased. While it is possible to increase the FSR and hence the tuning range of the DMR filter by decreasing the radius of the microring, the thermal crosstalk will become more pronounced as the microring size decreases. In this case, it would still be possible to account for the effect of thermal crosstalk on the resonance shift; however, the heat-induced changes in the ring-to-ring and bus-to-ring coupling coefficients could cause serious degradation of the spectral response of the DMR filter if the microring sizes become too small. Another consideration is that a temperature rise of 120°C in the Si microring waveguide required to tune over 1 FSR may be too high for many practical applications. Unfortunately, this temperature rise is independent of the microring size and cannot be reduced significantly. In applications requiring lower temperatures, a solution may be to use a wavelength multiplexing scheme in which multiple DMR filters are used to cover a given tuning range, so that each filter needs to be tuned only over a fraction of the FSR. This approach will reduce the maximum temperature shift of each filter but at the expense of increased complexity of the overall filter circuit.
